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Personnel and their individual taskes are as follows:

Principal investigator: GQordon A. Riley - Physical and chemical oceanographby.

Assistant: Shirley M, Conover - Phytoplanktony technical assistance in
physicai and chsmical oéeanography.
Associated members of the Bingham staff:

Qeorgiana B, Deevey - Zooplankicn (on leave of abserice July, 1953 to

June, 195k).

Saranh B, Whertland - Fish eggs and larvae,

Part-time undergraduate assistants:

Louis Mowbray, Francisco Wong, Samuel Andreades - tecmhnical assistance

to other members of the project.
Oraduate students:

Robert J. Conover - Biology of the coparod Acartia.

Howard Sanders - Bottom fauns.

Bugene Harris - The nitrogen cycle.

Two first yeur graduate students have asked to be admittied to the
project for theais resegrch. Theodore Napora is interested primarily in
mooplankton, Selsh El Zarks in fishes. Definite research torics have not
been chesen. '

Material has been collected for two associates in the university, One
is working on the taxonomy of nematodes, the other on pigments, vitamins,
and vitamin precursors in plankton.

From time to time Luigi Provaseli of the Haskins Institute in
New York has given us excellent heip and advice in experimental studies of
the sutrisnt requirements of phytoplankton. Recently he has undertaken to
isolate and make laboratory studies of some of the dominant species of the
{wng Island Sound floras A comparative atudy of tha behavion of thase
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species in culture and in nature is certain to be rewarding, and we are

fortunata to have the help of one ol the worlds farsmozi students of

i

|

"i | algal nutrition,

% Objectives:

E (1) To obtain dstailed information on the species composition,

i g abundance, and seasonzl cycles of the Long Island Sound fauns and flora
,;: : and on the physical and chemical nature of the environment. '

% " (2) To determine insofar as possible the sources and rates of supply
;* E of essentiszl inorganic elemenis and to measure the productivity of major
\} Q;éologlcal groups of organisms.

1 (3} To analyse population abundance and productivity with respect to
(Tt ' climatic, geographical, and internal biological factors.

:,: Summary of results and immediate plans for the future,

-3 % We have complcoted 22 months of weekly observations in the central part

of Lon‘g Island Sound, c_onaieting of temperature, salinity, transparency
of the water, phosphate, nitrate, oxygen, chlorophyll content of the phy-
toplankton, and collections of phytoplankion and zoopianktony We are
essentially up te date in processing routime observations and entering
them in data files and punch cards, However, the zsoplankton cuunts haes
fallen behind during Pr. Deevey's absence, and Miss Wheatland, who came
in after the project started, has not yet caught up.

Thus far the second year has been fairly simdlar to the first with

tad

ot apilcass,

s e RPN
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respect to seasonal cycles of physical and chemical properties and plankton.
Minor differences in phytoplankton and mitrient cycles are clearly<§orrola*ad
with nwetaorological factors. The summer sooplankton crop in 1953 waa con-
siderably smaller than in 1952, and in this case the reasonsare not apparent
in preliminary analysis,
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In any oceanographic survey it is desirasble to continue the' obser-
vatiors long encugh not only to establish 2 typical, average picture but
also to analyse year-to-year fluctuations in the popuistions in rslation
to basic environmental factors. Howevar, the law of Ziminishing returns
begins to operate wri gquickly in a detailed survey. Xach year there is
less now information to be extracted from the data,

With the conclusion of the first two years' work in Maroh, I believe
we shall reach this point of diminishing returns. If we reduce the survey
at that time to perhana twe stations at biweekly interwvals, there will be
some blurring of minor details, but ary major year-to-year fluctuations will
be clearly evident. Reducing the local survey will alsc enable us to spend
a correspondingly larger part of our time onotha. problems that have not yet
received adequate attention. |

n January, 1953, we undertook a series of mass collections of plankton
for chomical analysis and a study of the photosynihesis, growth, and
nutrient requirements of phytogplankton. Prelhinm re:eulta were described

in the third semiannual report, This is the meost ixpartasrni part of the in-

vestigation of basic productivity in iong Island Scupd, and 1t will be
continued, with some modifications and elaborations thioughout the periocd of
the contract.

Current measurements obtained during the present survey havs Loun

combined with previous studies by the Coast and Geodetic Survey. “n=izsi

(A

of the data leads to a consistent plcture of water exchangs witiin Long lsland
Scund and between the Sound and adjacent watera cduring the suwmer ssason.
Results are presented in Appendix Ae

Appendix B analyzes the first eithteen months' data on water trans-

parency. Transparency is one of the most important factorsz governing
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productivity, aince it sets a limit on the depth range of effective phyto-
plankton photosynthesis. Tne srpended material 1s the first attempt that

| has been made to assess quesntitatively the factors controlling transparency

in coastal waters. The results are preliminary, not altogethsr satisfactery,
{

and are likely to be revised when mare data become available. However, it

i3 encouraging that some progress has bean made, with relatively liitle
effort, in a subject that is fundamentally quite complex.

Robert Conover has obtained a ;eriea of collections of ths copepod
A/ artia designed to determine their vertical distridution and seasonal

growth pulses. He has performed extensive laboratory experiments on

respiration and feeding rates. ke can reasonably expect to have enough

Zata for a decteral thesis witliin the next six months,

After preliminary exploration of various techniques, Howard Sanders

[

25 zdovwed & program of bottom fauna collections at sixeweek intervals

with a corinz tube and a bottom dredge of new design. Field work will

o

~>ntinue for another 8 - 12 months. He hopes to present his dissertatien

in the aspring of 1955.

Zugens Harris also hes had & long preliminary period of experimenting

with methods, <ince seawatsr analyzes of the variovs forms of combined

Lo AR 1L JITIL S S

nitrogen ieave much t0 be desired, During a summer fellowship at the Woods

Hoie Cceanographic Institution he worked ¥n methods and inp August joined

a cruise to the Sargasso Sea. Samplss wers obtained from a variety of in-

shicra and offshore locutions. These will be ussful for compirison with

Long Island Sound, He is currently working again on methods m& will
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shortly be ready to start a full-scale syrvey.
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Long range plans. »

In March, 195L, we propose to initiate a twoeyear program of So=Sxbmete
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monthly cruises covering most or all of Long Island Sound and designed to
investigate the following points:

(1) Description of sezsonal cycles in the Sound as a whole, their
local variations, and the effects of such variations on cther arsas dus
to water transoori,

(2) An 2nz2iysis of monthly variations in transport exchange by the |
salt contin:ity principle, Having establishsd in Appondix A an average
pattern of swummer circulation, we are ready to undertaks the further

rroblem of determining its seasonsl perturbations., Direct observation by

current msasurements wéuld require an exponsive prograx with autowmatic
recording devices or a still more expensivo muitiple ship cperatione
- However, salinity observations and data on freshwater drainiage will provide

an estimate of total salt flux, which is in some respects better for
biological purposes than simple current measurementise

(3) Measurement of total nitrogen (Harris) and phosphorus (senior in-
vestigator) and their component iractions in Long Island Scund waters and
the freshwater drainage system, Combined with (2) iabove, thess will yield
estimates of both the internal biological cycless of the twe slements and
the axchange dus to water movemsntis

After the conclusion of this program, which coincides with the termin-
ation of the present contract, I expect to continue working in Long Island
Sound; The exact nature and extent of the work will depend on unforeseen
factors, principally how imich is accomplished in the next two years and
how many graduats studentisz are working with me.

Certain broad oceanographic aims can be accomplished only by a long-
term program:

(1) In ths few arsas where cbservations have continuod for ten years or
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more, long periocd trends have proved to be not only a waluable tcel in

o

ocsanographic analysis but 21so important practically in evaluating fluct-
uvations in commercially valuable species.

{2) I nave been intarested for some yeara in quantitative edological
theory. This theory 3says ir essence that sbeut half a dotéen basic climatic
and geographiciali factors determine what organisms can exist in a given
region and control population size through their influenne on the rates of
various physiological processess if these processes can be described in
ecological terms with sufficient accuracy, it is then pessible to set up a
series of mathumatical equations to predict seasonal and long period pop-
ulation trerds in werms of relatively simple climatic fluctuationc.

Considersble progress has been made in the g$heory of oceanic populations
Coastal waters are more difficult. The nutrient supply depends upon fresh-
water drainage and a complicated transport sysiem rather than simple
vertical exchange. Froximity to land strongly influences the transparency -
of the water. The existence of a large bottom fauna with diverse and

specialized habits intreduces great complications intc the blological treat-

~ment, These difficulties intensify sceintific interest in the subject, with

the sddiiional consideration that it is in shallow watsr, where the com-
mercial fisheries are concentrated, that a theoretical prediction scheme is
most likely to pay praciical dividends. ©n ths other hand, it is such a
difficult problem that I shall not wholly commit myself to it unless the

results of the present survey indicate considerable liklihood of eventual

‘Buccess,

Reports and publications.

Preliminary accounts of the project were presented by the senior {nvest-

igator and the Conovers ut the annual meeting of the American Society of
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Lisnology and Oceanograpty at Madison, Wisconszin in Septsmber,

Mrs. Covover'e study of red tides in New Haven Harlor (Appendix B, third
semianmal report) has been accepted for pubiicsiion in the Journal of
Marins Research. .

Ceneral plans for publication include the following:

(1) A series of paprrs covering essentially the firat two years' work
and primarily congerned with the central part of Long Island Sound., FPavers
by Filey on physical eand chemical oceanography, Shirley Conovar on phyto-
plankton, and Robert Ccnover on his thesis research esre expected to go to
press toward the end of 195L and probably ;111 be pudlished undsr & single
cover as an issue of the Bulletin of the Bingham Uceanographic Collsctions,
Papers by Deevey and Wheatland will be included if'tﬁayidre finishaed in
time. Sanders' work will hot be ready until the following year,

(2) A sscond and similar series cevering the work of 19545,

{3) Interim reports. Most of thla work of the survey is so0 closely in-
terconnected that the results are best published in series for ready com-
parison of one phase with another. Occasionally special and relatively
isolated tasks are undertaken, such ae the red tide iuvasfikation and the
synoptic model of the Sound. Such material will be published as soon as
possible after completion of the task.

Since oceanographic surveys require a relativelylong period of data
collection before a cumplete account can be written, 1 have adopted a policy
of submitting dstailed but nreliminary reports of certain phases of the work
as appendices to the progress reports. These are sub® ct to revision when
more data come inj; otherwise they serve the fumction of tschnicel gports

in prosenting 2 formal treatment of sciantific results.
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APPENDIX A. Water sxchange in Long Island Sound.

Various aspects of the Long Island Sound circulation have been dis-
cussed in previous reports and particularly in Appendix A oi the third
semianmial report. Direct currant observations have confirmed ths ex-~
istence of a two-layered transport system, in which a surface layer flows
eagstward towakd the open sea and ie replaced by a weetward inflow along
the bottom. This exchange is largs ehcugh to be an important factor in-
fluencing the biological productivity of the Sound. It enriches the
Sound with phosphats and other essential plant mutrients during the spring
and summer when these mutrients are in short supply and are particularly
needed to promote productivity: The mechanism of accumulation was discussed
at the Mudison meetings, and preliminary astimﬁt/ea were made of the rate
of enrichment. The final account awaita the resulis of ths next twe yeoars.

Although: the transport is of primary importance in determining both
physical snd biological charactsristics of the Sound, its actusl volume is
small compared with ordinary east-west tidal cacilletjon, and it is readily
modified by winds and dsnsity currents, Our observations reveal disconcert-~
ingly large variations in reaiduai fleow from one tidal cycle t¢ another and
oven larger differences between one station and the next. A detailed study
of currents would require long-period observations, presumably with auto-
matic recorders, at = considemable mumter of stations. Biclogical aims
hardly warrant the necessary expenditure. Most of cur purposes will be
served if we can establish a reasonably consistent pattern of east-west
transport at one season of the year and then determine monthiy variations
from tt};t patte;n by applying the principle of salt continuity.

Figure 1 shows‘ a pattern of stations that will ts used for estimating

east-west, transport acroas tha lines indicated in the figure. The dats were
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obtained in the summers of 1090, 1917, 1929 (Specia} Publication 17L, U. S.
Coast and Jeodetic Survey) and 1953. Publication 174 lists the duration
and maximun velocity of flood and ebb at the surface and uwsually two or
three subsurface levels. Kasidual transport is galculptad by assuming that
the mean velocity is two-thirds the maximum, multiplying this figure by
the duration, and taking the difference between flood and ebb., Our 1953
data, consisting of half-hourly readings at four tg.six depths, are
numerically integrated through a complete tidal cycle. Figire 2 is a
sample of the type of results obtained. The numbers.shov transport in
nautical mileg during a tidal cycle,.the positive sign indicating easterly
Rovement

The profiles provide a basis for calculating the volume transport
through succeasive cross sections of Long Island Sound. HNowever, the
amount of variation from one depth to another and from station to station
makes interpolation fairly difficult. Moreover, thefe is no assurance that
the observed variations all represent consistent local differences. Most
of the statiens were occupled during one tidal cycle, and a longeé period
is necessary in order to rule out random fluctuations. Thus the validity of
the resulis depends upon having enough stations to average out various errors.

With these qualificaticns in mind, a tentative estimate of transport for
the seriees of profileas is presented in Table 1, The amount of bottem inflow
entering the Scurid at profile 7 cannot be determined becsuse there were
not enough deep water measuremants. At profile 6 it is about 15 thousand nd
per 3econd and declines steadily to zero.at the wastern end. Clearly this
water 1s upwelling and augmenting the surface flow.

It would appear that about 1100 m>/second enter the western end of the

Sound and flow eastward as part of the surface layer., The latter is further
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Table 1. Volume transport in m3/second through profiles 1 te 7 (Figure 1l).

Fositive riumbors indicate eastward movement, negative are westerly.

Depth Profile
: Meters 1 2 3 L S 6 i
‘; | Q- 5 680 200 860 2100 4830 7130 915C
5<10 320 S LBo 760 750 4870 1830
g 10-15 100 -130 =20 270 -1k60
: 2130 14910
,2- 15-20 -3 -8l0  -1380
i 20-30 -1390  -2850 -L100 =
' i 30-10 -68L0 -
SE 14050 -1070 .
3
R Total(surface) 1100 1280 130 2860 5580  1L,13 16,89
o Total(bottom) 0 ~130 =570 =2300 «5690 -15,010 -

sugmented bty freshwater drainage, amounting to a2bout 300 m3/ gecond in

suamer in the whole of Long I=land Sound. Hence the net transport at the

o i g - ,: il ’ <
S : g g T e
%‘-‘Mr;’.&lb‘-‘ g

eastern end of the Sound should be about 100 m3/second eastward, but the

&

transport calculations are not accurats enough to demonstrate this,

'

:f:‘ l | Figure 3A is a schematic diagram of iransport sxchange derived from the
}(; ’ comoination of theoretical censiderations and calcul;ted transport. The

¥ an? difference between surface and bottom flow iz 1100 m”/second at the western
: l“ end of the Sound and gradually increases to 1400 m3/seccvnd in an easterly

1 1}%:! direction in accordance with the known addition of Iresh water. The total
_\ gs:l exchange increasea as a smooth curve that agrees essentially with the

;\g ! calculated transport. Figw'e 3B converts the transport estimates to

horizental and vertical velocitiss in the two layers, with due consideraiion
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Isiland Sound, we shall be concerned with ihie effects of trangport and
diffusion in moving organisma and chemical elements into and out of the
Sound anc from one part of the Sound to another. In order to justify
applying the transport estimates to these problems, it is ‘Tirat necessary
to demonstrate that the physical prccesses as we know them will account
for the observed distritution of a conservaiive property such as ailt. We
shall proceed than with the consiruction ¢f a simple mathematical model of
salt distribution.

Assume for purposes of simplicity that salt concentrations are uniform
in the transverse pilane (northesouth direction) in Long.Ia;land Sound, The
transfer of salt may then be regarded as a two-dimnaionai procass occuring
slong an x -axis directed positively esst and a 7. -axis direeted down-
ward. At any point on this profile the rate of changs of salinity S is
given by an equation adapted from the general formula for salinity distri-

bution {Sverdrup et al., 1942, p. 159), namely.

95 -2 .Ax3S ., 3. AL dS ;
ST S22 0002 L v a5 _Vages  KS
3t 3% A W 3z 782 &* 32y

whers Ax and Ag are the coefficients of eddy diffus!vity on the horizontal
and vertical axes, respectively, Vg and Vz are horisontz) and vertical

voloclities, ,O .12 the denaity of the water,and K is a coefficient of

© dilutfion incdicating ths rate of addition of freshwatsr drainage to the

water masa,

The velocities V4 and \/,, are assumed to be as shown in Figure 3B, °
is about 1,02 throughout. K is raa&ily estimated as the ratio of #reshe-
water discharge to the volume of the Sound in the area where it enters.
Eddy diffusivity depends primarily upen tiaal mixing. In a study ;;f est-
uvarine flushing, Arons end Stommel (1951) cbtained good resuita b)f setting

horigontal mixing as 2 function of the mean tidal velooity and the tidal
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axcurzion. Since 4the latter is the product of the <tidal
speed and duration, horizontal mixing is essentially proportional to the
square of the tidal current. Similarly, Riley (1951) derived a formula

applicable tc a wide variety of oceanic reglons and which will be used
in the present example, namely o
Ax = ('f.ifg.xbxlo"‘"
M (2)
where V is the mean tidal current speed, X the distance between points

where eddy transter iz measured, and /u is dymamic molecular viscosity.

-Other formulas in the same paper and calculations of Long Island Sound data

indicate that the coeificisnt of vertical eddy diffusivity in summer 1z

glven with sufficient accuracy by
-V

‘ Gy o

10

(3)
Numerical values are appendad to Figure LA.

The remainder of Figure LA is the pattern of the mathematical modol of

salinity distribution. A series of points is laid out at ten-minyte inter-

vals of longttude and at the mid-points of the upper and lower strata. At
each point '1t is assumed that the salinity exists in a Staadar state such
that in equation (1) bS/at =0, It is further assumed that all of the
freshwater drainage is added tc the upper layer.

K =o.

Bourdary conditions are defined as follows:

Hence in the lower layer

1) At any point in the pattern the salinity is assumed to be uniform in the
upper half of the upper layer and in the lower half of the lower layer.

Thus any vertical gradient that exiasts 13 between the two points, as il-
lustrated in Figure LB, ’

(3

(2) water entering the pattern at the western end is assumed to have the

game salinity as the westernmost point in the pattern.

;.?‘7.'\ X S
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(3) Watar entering the eastern end at the bottom is arbitrarily sssigned
a rezlistic salinity of 31,00 ©/q,.

Ap this water of 31 ©/,, moves into the Sound it is progressively
freshened, and the overall salinity pattern depends upen the quantitative
relations of drainage, transport, and diffusion, as defined in equation (1),
For purposes of mumerical celculation, equation (1) is rewritten in terms of
finite differences and in accordance with the specified boundary conditions.

Crllecting terms, the equation for any point in the upper layer is

S -Ax _A Aoz - A Zx_ \/
°(Ar* ,ax* Pt v E

<px"' )+Sx( '*v"\

22X/
A _¥ =
+ Sz(;%;_ ¥Y2)-KSe= © "

Designating Se as the salinity at my given peint, Sk 1s the salinity at o
the next point X distance to the east, and the movements of water between \
the pointe by diffusion and transport are A and Vx , respectively.
Similar notation is used for S-x the salinity at tle next point wostward,
S; in the bottom stratum, and accompanying physical processes, The

equation for a point in the bottom layer is analogous except for omission
of the K term.

Since the equation for each point shares terms with the equations for

ad jarent pnints, all of the equations in the pattern are related. The whole

pettern may therefore be solved by an appropriate method such as the

"relaxation” technique of Southwell (19L46). The solutien is shown in

Figure 5A. Observed salinities accompanying the current stations, mainly

from Coast and Geocztic Survey data, are siwowr. in the upper part of Figure

SBs The remainder of the figure shows some salinity observations obtazined at

othar times, They reveal a seasonal trend, with the salinity increasing
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during the summer and the sast-west gradient decreasing. In this respect

the steady state assumption in the model oversimplifies the problem,

Nevertheless, the theerstical curves fall within the limits of observed

variation and appear to be representative of averags summer ccnditions.

Further axpansion of the problem to a consideration of" seasonal changes

should follow without serious difficulty with the cémpletion o; the proposed

program for the next two years.
References cited:

Arons, A, B, and H, Stommel 1951 A mixing length theory of tidal fluehing.
Trans. Amer. Geophys. Union 32: L19-421, ‘

Lelacheur, E. A, and J, C. Sammons 1932 Tides and currents in Long Island ad
Block Island Sounds. U. S. Coast and Geodetic Survey Special Pub. 170
18k pp.

Riley, G, A. 1951 Parameters of turbulence in the sea. J. Mar, Res. 10:12l7-

Southwell, Re V. 1946 Relaxation methods in theoretical physics. Oxford 2
Univ, Press. 248 pp.

Sverdrup, H. U., M. W, Johnson, and R, H., Fleming 1942 ' The oceans. Prentice-
Hall, Inc. New York, 1087 pp.

N SN -

AL



- .
T TP T, SRR . S LT | ST

«
...‘y,-‘mo*-ho ot e aaht TRk ki L

re Wt

oo

“‘»: 5

o

PSS

L

M

'
> % o et d,—,;-{nn-*-..‘»ﬁ-. ey b

>
P

A

R e TS e

-

PUPC VP SR SURPR I PR P

ik Sl i)

’

s,
PPN N

.
e, ST o

L . i
T T Al o R S - Lt 1 2

A

n
o

APPENDIX B, Transparency
We have used two methods to measure the tranaparency of Long Island

Sound waterd. 'The first is the so-called Secchi disc msasurement, in which

a8 20 ! white disc is lowered into the water, and its depth of disappesrance

is recorded, This crude and old-fashioned method is surprisingly accurate.
Some thirty years agpc, when Atkins and Poole were devel&ping photoelactric
methods for measuring the tranaparency ¢ Emglicsh Channel weters, they re-
ported that the photometrically determined exvinciion ccefficients for the
visihle range of 1ight were closely correlated with Sechhi disc readings,

tl';e relation being
o
- D (s)

where K is tho extinction coefficient per meter and D 15 the Seceni disc
reading in meters. Further comparisons, both in turbid coastal waters and
highly transparsnt oceanlic regions have demonstrated that equation (s)

is applicable within reasonable limits of error to a wide variety of
conditions.

Our second measurement is a photoelectric determination of the ex-
tinction coefficient of red light (using a Klett 66 filter) in each water
sample, This is determined with reference %o a distillsd water blank and
hencs represents total extinciion minue the abscrption coefficient of
distilled water. The primary purpose 1s to obtain a correction factor for
turbidity in colorimetric determinations of phosphate. However, the
messurements ares also useful for estimating changes in transparency witn

depth and for evaluating the reliability of the Sscchi disc method.

Statistical comparison c¢f some 340 surface water extinction coefficients

with the corresponding Secchi disc readings shows a correlation of 74 and

yields the equation K = 96 ( Ky + 28 5) (6)
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whera K is derived from the Secchi disc depth according to squation {5)
and K, 1s the extinction coefficient for red light, as determined above.
The stavistically derived constant, .255, which has the fundamental meaning
of an absoxption coefficient of pure water, 1s approximately correct for
the wave lengths tfanami‘r.ted by the red filter.

It has been recognized for many years that light extinction in sea
watsr is a compiex process including absorption by the water and dissolved
solids and a combination of absorption and scattering by a varicty of
suspensoids. The latter include plankton, planktogenic detriius, and -~
particulerly near land - bcitom sediments in suspension and particles of
terrestrial origin.

In Long Island Sound 211 of these factors are expected to be opera-
tive. In waters of tnis type, no on2 has yet succeeded in formulating
a quantitative expression for ths various influerces that govern tramns-
parency. We have now amassed sufficient data to attempt such an snalysis,

Firat to be considered is the general problem of absorption and
scattering of light by plankton. Rodhe (19L4B) and othsrs havs measured
the extincticn coefficients of pure algzl suitures, In any particular
species there was a nearly iinear relationship between light ectinction
and the mumber of cells or the chlorophyll concentration. Clarks {(1%46)
cempared phytoplankton pigment measurements on Georges Bank with Secchd
disc est.imates of transparency and demonstrated a crude but significrnt
relationship betwsen them. In an attempt to refine this compariscn Figure
6 prasents a group of data that is believed to represent the relation in
its simplest ‘poasible form, namely (a) observations during the spring
flowering on Cecrges Bank, a paried when a rapid reduction in trensparency

coincided with the incrsase in phytoplankton, and (b) 21l available oceantic

o
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observations, where it m&y be presumed that particulats matter of non-
plankton origin is hminimal, Fhytoplankton concentrations are expressed as
Rarvey units of plant pigments per m3, a type of measurement discussed in
the third serd snmual progess report. The extinction coefficients were
determined photowetrically in a few cases, but most of the values are dae-
rived from Secchi disc readings according to equation (5).

The relationship revealed by Figure 6 is statistically significant but
nonlinear. The 1:1 relation between plant concentration and extinction,
which was noted in cultures, sesms to be lacking in the sea. A ten-fold
increese in pigrents produces, ai most, a four-fold deacrease in trans-
parency.

Three main phenomena are involved in the extinction of light in the
cultures and in cpen oceanic waters. First is the absorption by the water
itself. Thnis varies vith wave-length. The average is about .OL for the
visible part of the spectrum, and the curve in Figure 6 is drawn to the
base lins at that point. Second, there is asbsorption by phytoplankton and
third, scattering of light by these organisms. In pure cultures both
scettering and absorption are expected to be proportional to the cell
number, so that the results approxinate Bser's law, although the process
is much more complicated thin in the case cf materials in solution.

In a mixed phytoplankton population containing cells of various shapes,
sizes, and optical properties, these relationships are seriously altered.
The pigment concentration iz roughly correlated with the volums of cell
material and therefore might ho oxpected to serve as an index of absorption.
The details of the scattering process are not understood, but it probably
is z function primerily of the e of e eellsu rwwisr than their total

volime.,
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These are sufficient rezsons for the relationship between vhytoplankton
and extinction coefflcients to be mich less precise in the sea than in pure
laboratory cultures. The explanation of the non-linear tendency in Figure
6 is nat so obvious, Howaver, it seems to be true, as a broad generalization,
that small species are more nearly constent in number than lavge ones; the
latter dominate the flowerings but are of little significance when the
total population is small. Thus the ratio of total area to total v iume
tends to decrsase as the total populzilon increases, Whether or not this
is 4 satisfactory explanation of the observations will require further
investigations Whatever may be the full explanatior,; Figure 6 presents
a relatively precise relationship between plant pigments and transpzarency,
and thus it provides an entering wedge for the invest¢igation of the more
complex situation fourid in coastal waters. The curve used to fit the data
has thz simple form

-6 -4 o773
K=.04 ¢ 2X107*P+2x107 P
(7

where ¥ 1s the extinction coefficient andP is Harvey units of plant
pignents per m3.

Most of thé recent obgervations in Lone Ialand Sound have been measure-
ments of chloropnyll rather than total plant pigments, By applying an

average conversion factor, equation (7) is translated to

K =.0% +.0088 C +.054 ¢ 7
(8)
where (. isug of chlorophyll a per liter.
Observed values of K have ranged from 0,25 to 2.0, except during red
tides in New Haven Harbor, where a maximm of 5.5 was obtained., Appli.-
catisn of equation (8) indicates that phytoplankten accounts for most of

the - cbserved verianilityg howower, vhe calculated extinction coefficients
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are always too low. The difference between observed coefficients and
values obtained from equation (8) averages 0.37, with a standard deviation
of £ 0423, It seems likely that some or most of this additional absorption
and scattering is due to the presence of s3ilt and suspended bottom materisls,
If so, there should be a corralation with winds, depth of water, and other
factnrs that affect the suspension and settling rates of such materials.
Analysi= of the data reveals three stavictically significant varlables
which are incorporated in the squation

K =.0088 C +.054 ¢ +.08W-,0074d -.077S

(9)

where W 1s ths average wind in miles per hour during the month when the
observation was ohtaired, d is tre depth of water at the station, and R
ig an exprassion of vertical stabllity as indicated by the increase in
density between surface and bottom. The relation between observed and
calculated values is shown in Figure 7.

The squation sccounts for major variations in transparency in Long
Island Sound, although considerabls error remains. Two-thirds of the
calculated }<:'s are within 20% of the observed values. Most of the
variation appears to be random, but there is also a small, systematic
seasonal error. In the spring the water is more transparent. then is indicated
by tha equation; in summer i{ is less transparent, None cf the physical
data available will account for these anomalies, Possibly they indicate that
ochlorophyll is not fully satisfactory as an indicator of ths effect of
phytoplankton on transparency, sapecially since we have found that the ratio
of dry wsight to chlorepiyll in the ptyrtoplankicn is relatiwely low in
spring and high in summar;
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